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Boussinesq Maxwell , $V$
$B$
. $V=0$ , $\nabla\cdot B=0$ (1)
. , ,
$\partial_{t}B=\nabla \mathrm{x}(V\mathrm{x}B)+Pm^{-1}\nabla^{2}B$ , (2)
$E\{\partial_{t}V+(V\cdot\nabla)V\}=-\nabla\varpi-1_{z}\cross V+Rar_{o}^{-1}r+Pm^{-1}(\nabla \mathrm{x}B)\cross B+E\nabla^{2}V,$ $(3)$
$\partial_{t}+V\cdot\nabla=-V\cdot\nabla T_{s}+Pr^{-1}\nabla^{2}$ (4)
. , $\partial_{t}$ , $1_{z}$ , $r$
, $\varpi$ , $$ $T_{s}$ .
$r_{o}$ $r_{i}$ $d=r_{o}-r_{i}$ , – $\mathrm{K}\triangleright$
$d^{2}/\nu$ ( $\nu$ ), $(2\Omega\rho\mu\eta)^{1/2}(\rho$
, $\mu$ , $\eta$ , $\Omega$ ),
$\Delta T$ , $2\Omega\rho\nu$
. $Ra$ Rayleigh , $E$ Ekman , $Pr$ Prandtl , $Pm$
Prandtl ,
$Ra= \frac{\alpha g_{\mathit{0}}\Delta Td}{2\Omega\nu}$ , $E= \frac{\nu}{2\Omega d^{2}}$ , $Pr= \frac{\nu}{\kappa}$ , $Pm= \frac{\nu}{\eta}$ (5)
. , $\alpha$ , g , $\kappa$






3 MHD . ,
[4] [5] [6] $[7][8]$ .
, . ,
. , MHD
[9] 1 , - $r_{i}/r_{o}=0.35,$ $Ra=50,$ $E=5\cross 10^{-4}$ ,
$Pr=1$ , $Pm=5$ ,
( , ,










Fig. 3 . $\omega=\nabla\cross \mathrm{V}$ $z$ $\omega_{z}$ ,
.
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Fig. 3: $(z=0)$ $(z=0.19)$ ( ) ( )
. , .





. $\nu\sim 10^{-6}\mathrm{m}^{2}/\mathrm{s}$ Ekman $E\sim 10^{-15}$
, . ,
,














. $z$ , $y$
, ,
$B_{0}=1_{B}B_{0}$ ( $B_{0}$ ) . ,
$1_{z}$ $-g=1_{r}g$ $\lambda$ (Fig. 4).
Fig. 4: .
, , , ( )
( ) .
$V=\overline{V}+v$ , $B=\overline{B}+b$ , $\Theta=6+\theta$ , $P=\overline{P}+p$ (6)
$\overline{V}=0$ .
, $z$ $a$ , $a^{2}/\eta$ , $\eta/a$ ,
$B_{0}$ , $2\Omega\rho\eta$ , $\beta a$ ( $\beta$ )
,
$\partial_{t}b+(v\cdot\nabla)b=\{(1_{B}+b)\cdot\nabla\}v+\nabla^{2}b$ (7)
$\epsilon_{\eta}\{\partial_{t}v+(v\cdot\nabla)v\}=-\nabla p-1_{z}\mathrm{x}v+\Lambda(\nabla\cross b)\mathrm{x}(1_{B}+b)+Ra\theta 1_{f}+\epsilon_{\nu}\nabla^{2}v$ (8)
$\partial_{t}\theta+v\cdot\nabla\theta=-v\cdot\nabla\overline{\Theta}$ $+Pq\nabla^{2}b$ (9)
. $v=0$ , $\nabla\cdot b=0$ (10)
. $Ra$ Rayleigh , A Elsasser , $\epsilon_{\nu}$ Ekman , $\epsilon_{\eta}$ Rossby
, $Pq$ Roberts ,
$Ra= \frac{g\alpha\beta a^{2}}{2\Omega\eta}$ , $\mathrm{A}=\frac{B_{0}^{2}}{2\Omega\eta\mu_{0}\rho}$ , $\epsilon_{\nu}=\frac{\nu}{2\Omega a^{2}}$ , $\epsilon_{\eta}=\frac{\eta}{2\Omega a^{2}}$ , $Pq= \frac{\kappa}{\eta}$ (11)







$O-+$ $( V\cdot\nabla)\overline{}+\overline{(v\cdot\nabla)\theta}=\kappa\nabla^{2}\overline{}$ (12)




Fig . $I$ 3 $(I_{x}, I_{y}, I_{z})$ $xy$ , $yz$ ,
$zx$ . $\epsilon_{\nu}=10^{-3},$ $\epsilon_{\eta}=10^{-2}$ ,
$Pq=10^{-1},$ $\Lambda=10,$ $Ra=240\sim 27Ra_{\mathrm{c}\mathrm{r}}$ , $\lambda=\pi/6$ , $\Omega=7.29\mathrm{x}10^{-5}\mathrm{r}\mathrm{a}\mathrm{d}/\mathrm{s}$ ,
$\eta=10\nu=10\kappa=1.46\mathrm{m}^{2}/\mathrm{s},$ $a=10^{3}\mathrm{m},$ $\rho=1.1\mathrm{x}10^{4}\mathrm{k}\mathrm{g}/\mathrm{m}^{3}$ , $B_{0}=5.42\mathrm{m}\mathrm{T}$
. , $-\nabla\overline{\Theta}$ $1_{\theta}=1_{f}$ , $1_{B}=1_{y}$ .
Fig. 5 $I_{x},$ $I_{y},$ $I_{z}$ . $I$
$I$ , $\Psi$ $\Phi$
$I=(I_{x}^{2}+I_{y}^{2}+I_{z}^{2})^{1/2}$ , $\Psi=\tan^{-1}((I_{x}^{2}+I_{y}^{2})^{1/2}/I_{z})$ , $\Phi=\tan^{-1}(I_{y}/I_{x})$ (14)
, $I$ $\Psi$ $\Phi$ . $I$
. $\lambda$ ,











Fig. 5: $xy$ , $yz$ $zx$ $I$ .
3.2
$I=\overline{\theta v}$ 2





. z $=ik_{z}$ , $k^{2}=k_{x}^{2}+k_{y}^{2}+k_{z}^{2}$
. (8) $\theta$ , (9) $\epsilon_{\eta}v_{i}$ , (15)
$\epsilon_{\eta}\partial_{t}(\theta v:)=$ $-\epsilon_{\eta}v_{i}v_{j}\partial_{j}\overline{\Theta}-\epsilon_{\eta}\partial_{j}(v:v_{j}\theta)-\partial_{i}(\theta p)+p\partial_{i}\theta-(1_{z}\cross\theta v)_{i}+Ra\theta^{2}(1_{r})_{\dot{|}}$
(16)
$-\Lambda k_{B}^{2}k^{-2}\theta v_{\dot{\iota}}+\partial_{j}(Pq\epsilon_{\eta}v_{i}\partial_{j}\theta+\epsilon_{\nu}\theta\partial_{j}v_{\dot{\iota}})-(Pq\epsilon_{\eta}+\epsilon_{\nu})(\partial_{j}v:)(\partial_{j}\theta)$
. , Lorentz . (16)
. $\overline{p\partial_{\dot{l}}\theta}$ , Poisson
$-\partial_{k}\partial_{k}p=\epsilon_{\eta}\partial_{j}\partial_{k}(v_{j}v_{k})+\partial_{k}(1_{z}\mathrm{x}v)_{k}-Ra\partial_{k}\theta(1_{f})_{k}$ (17)
$\overline{p\partial_{\dot{\iota}}\theta}=-C_{p\theta}\overline{\theta v_{\dot{\iota}}}+\frac{1}{3}(1_{z}\mathrm{x}\overline{\theta v})_{i}-\frac{1}{3}Ra\overline{\theta^{2}}(1_{f})$ : (18)
[12]. $C_{p\theta}$ .
$\partial_{j}(Pq\epsilon_{\eta}\overline{v_{i}\partial_{j}\theta}+\epsilon_{\nu}\overline{\theta\partial_{j}v_{i}})=\frac{1}{2}(Pq\epsilon_{\eta}+\epsilon_{\nu})\partial_{j}\partial_{j}\overline{\theta v_{\dot{l}}}$ (19)
. $(Pq\epsilon_{\eta}+\epsilon_{\nu})\overline{(\partial_{j}\theta)(\partial_{i}v_{j})}$ 0 [12]. $\partial j\partial j\overline{\theta v_{1}.}=$
$-(2k)^{2}\overline{\theta v.\cdot}$ , (16)




\partial t--\mbox{\boldmath $\theta$}2=-2 $j\partial_{j}\overline{\Theta}+Pq\partial_{j}\partial_{j}\overline{\theta^{2}}-2Pq\overline{(\partial_{j}\theta)(\partial_{j}\theta)}$ (21)
. , (21) $(\partial tarrow 0)$ ,
$\overline{\theta^{2}}=-\frac{1}{2Pqk^{2}}\overline{\theta v_{j}}\partial_{j}6$ (22)
. (20) ,
$\{\gamma_{*}\delta_{\dot{l}k}+\frac{2}{3}\epsilon:zk+\frac{1}{3}\frac{Ra}{Pqk^{2}}$(lr)i\epsilon k( s} $I_{k}=-\epsilon_{\eta}\overline{v_{\dot{\iota}}v_{j}}\partial_{j}\overline{\Theta}$ (23)
[14]. $\gamma_{*}=C_{p\theta}+\Lambda k_{B}^{2}k^{-2}+2k^{2}(Pq\epsilon_{\eta}+\epsilon_{\nu}),$ $\delta_{*k}$. Kronecker $\delta$
, $\epsilon_{1jk}$. .
99
Fig. 6: $(\lambda=\pi/6,$ $Ra=120,$ $\mathrm{A}=10,$ $\epsilon_{\nu}=10^{-3},$ $\epsilon_{\eta}=10^{-2},$ $Pq=10^{-1}$ ,
$1_{B}=1_{y},$ $1_{\theta}=1_{f})$ . $I_{x}$ , $I_{y}$ , $I_{z}$ .
, 2 .
(23) $I$ $(\lambda=\pi/6,$ $Ra=120$,
$\Lambda=10,$ $\epsilon_{\nu}=10^{-3},$ $\epsilon_{\eta}=10^{-2},$ $Pq=10^{-1},1_{B}=1_{y},$ $1_{\theta}=1_{f})$ . Fig. 6
$I_{x}$ ( ), $\sim(’\ulcorner\lambda’)$ , $I_{z}$ ( ) .
, 2 . , Reynolds
$\overline{v_{i}vj}$ . $I_{x}$ , $I_{y}$
$\langle$ , $I_{z}$ . ,
, .
, MHD , Reynolds
.
6 $g$ .
$\kappa^{t}\cdot 1_{f}$ . , .
Fig. 7 $\mathrm{F}_{\llcorner}^{}\lambda_{\mathit{9}}=\pi/6$ $\lambda_{g}=\pi/3$ $I$ $\lambda_{\theta}$ ( Fig. 6
). $\lambda_{g}=\cos^{-1}(1_{z}\cdot 1_{f})$ $\lambda_{\theta}=\cos^{-1}(1_{z}\cdot 1_{\theta})$ . $\lambda_{g}$ $\lambda_{\theta}$
$90^{\mathrm{O}}$ , $I$ . $Q$
$g$ $Q=-g\cdot I$ . $Q>0$ .
$Q=g\cdot\kappa^{t}\cdot\nabla\overline{\Theta}<0$ , .




Fig. 7: $I$ $\lambda_{\theta}$ . . $\lambda_{\theta}=0$





, MHD . ,
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